pears to be no case so far discovered of an organism using the oxidation of a higher carbon compound solely as reducing and energy source for chemoautotrophic growth, that is, with no liberation of carbon dioxide from substrate oxidation and no incorporation of carbon other than exogenous carbon dioxide." However, current concepts of high energy bond formation and utilization provide no reason for assuming that the nature of the substrate oxidized should restrict the subsequent utility of the high energy compounds generated. Consequently the hypothetical organism described above might exist or be made to exist under the proper nutritional conditions.
It was to check this possibility that the experiments reported here were initiated. Desulfovibrio desulfuricans was chosen as the experimental organism because (a) it is supposedly a facultative autotroph capable of oxidizing hydrogen and deriving all cell carbon from carbon dioxide (Butlin and Adams, 1947;  Butlin, Adams, and Thomas, 1949; Sisler and ZoBell, 1951; Senez and Volcani, 1951; Sorokin, 1954) , and (b) it carries out incomplete oxidations of alcohols which support cell growth but which liberate 1 Present address: Nutrilite Products, Inc., Buena Park, California. no carbon dioxide (Baars, 1930) . Our working hypothesis was that an alcohol could be rendered nonassimilable through the introduction of some modifying group without disturbing its oxidizability and thus its usefulness as an energy source. Given such a molecule as the only organic compound available, the organism might be forced to utilize exogenously supplied carbon dioxide as the sole source of cell carbon.
MATERIALS AND METHODS
The Hildenborough strain of D. desulfuricans, obtained from Dr. J. R. Postgate, was employed in all experiments. Media were prepared by additions to the following base recipe: NH4Cl, 1.0g; MgSO4-7H20, 2.0g; Na2SO4, 1.Og; K2HPO4-3H20, 8.5 g; KH2PO4, 1.7 g; CaCl2-6H20, 0.5 g; FeSO4, 0.02 g; Na2S .9H20, 0.84 g; H20, 1,000 ml; pH 7.2. The phosphates, FeSO4, and Na2S were sterilized individually in solution and added aseptically to the cooled medium. For routine heterotrophic growth, 1.0 g yeast extract and 3.5 g sodium lactate were added. Various modifications of the heterotrophic medium including omission of the yeast extract and use of alternate carbon sources, were made as required by the experimental program. For growth in putatively autotrophic conditions the heterotrophic medium minus the organic carbon source and with the addition of 1 g NaHCO3 (sterilized separately in solution by filtration) was employed. In some critical experiments the yeast extract was omitted from the autotrophic medium.
Cultures were grown at 30 C in rubber capped bottles of medium, in test (Neish, 1952) , and sulfide by iodometric titration.
Bacterial cells were prepared for total carbon and radioisotope measurements by wet combustion (Van Slyke, Plazin, and Weisiger, 1951 Isobutanol-l-C14 was synthesized from isobutyric-1-C'4 acid by reduction with lithium aluminum hydride (Nystrom and Brown, 1947 Balance studies showed that these alcohols were converted almost quantitatively to the corresponding acids (Mechalas, 1959) . Consequently it appeared that the three alcohols might prove suitable for checking the hypothesis proposed and isobutanol was chosen for further study.
Autotrophic growth. Although the Hildenborough strain of D. desulfuricans has been reported as growing autotrophically (Adams et al., 1951) , it was felt desirable to confirm this ability for our transplant of the strain. Initial efforts to obtain autotrophic growth were made in the autotrophic medium without yeast extract and with sodium bisulfite substituted for sodium sulfide as the reducing agent. Replicate tubes containing 40 ml of medium were inoculated with washed cells of an ethanol grown culture and incubated in an anaerobic jar under hydrogen. After 10 days, some turbidity was observed in all tubes along with the formation of a ferrous sulfide deposit. Extending the incubation period did not improve the amount of development. Since hydrogen could have been limiting under the conditions employed, the experiments were repeated incorporating carefully washed steel wool in the medium as an additional electron donor (Starkey and Wight, 1945) . Under these conditions, the organism was carried through five serial transfers. However, development was slight and with each successive transfer fewer tubes of each series were positive. It became evident that for consistent growth some yeast extract was desirable in the medium.
The effect of yeast extract upon growth in autotrophic medium was tested under conditions in which a mixture of carbon dioxide and hydrogen (5:95) was bubbled through flasks containing 200 ml of autotrophic medium supplemented with various amounts of yeast extract. The exhaust gases carrying the hydrogen sulfide formed were passed through cadmium acetate traps and the precipitated cadmium sulfide formed was determined at intervals to follow the rate of development of the cultures. As a control, nitrogen was substituted for the normal gas mixture. It was found that yeast extract at the highest concentration employed supported practically no growth in a nitrogen atmosphere.
In the presence of hydrogen and carbon dioxide, the rate of development of the cultures, as measured by sulfide production, was roughly proportional to the concentration of yeast extract added (figure 1).
Incorporation of bicarbonate-carbon. in which isobutanol was used as the oxidizable substrate. The findings parallelled those obtained with hydrogen; in the absence of the oxidizable substrate there was little or no growth on the yeast extract base, whereas in its presence good growth was obtained. The amount of growth at a constant isobutanol level increased with increasing yeast extract concentration, and at a constant yeast extract level increased with the isobutanol content (table 2). Roughly 4 to 10 per cent of the cell carbon was derived from bicarbonate when this material was present, the same range as found in the hydrogen and ethanol experiments. The per cent incorporation appeared independent of either the yeast extract or the isobutanol concentration.
Although the above data suggest a comparable role for isobutanol and hydrogen they do not rule out the possibility that isobutanol is providing both energy and carbon for growth. For this reason the experiment was repeated using isobutanol-1-C" and unlabeled bicarbonate. The data show (table 3) a good balance between the isobutanol disappearing and the isobutyric acid formed. If this oxidation served only for the reduction of sulfate,3 the ratio of isobutyric acid to sulfide should be 2, but if the isobutanol also provided additional reducing power for synthesis of cell material, the ratio should be greater than 2. A ratio of less than 2 would indicate some combination of the following: the presence of an additional hydrogen donor for sulfate reduction; a more complete oxidation of the isobutanol; utilization of some isobutanol for cell synthesis. There was a considerable variation in the ratios obtained from the three flasks and it is difficult to draw any conclusions. However, if these data are combined with those from six similar determinations (Mechalas, 1959) an average ratio of 2.3 is obtained, suggesting that isobutanol provides reducing power both for energy generation and for synthesis.
The relative specific activity of the cell carbon (table 3) was very low compared to that of the starting isobutanol, indicating that little if any assimilation of the isobutanol occurred. Since only the carbinol carbon of the starting substrate was labeled, the possibility exists that the cell carbon was derived from the unlabeled portions of the isobutanol molecule. However, the almost quantitative recovery of both isobutyric acid of 
DISCUSSION
The data presented show that a hitherto unreported metabolic type exists in the bacterial world, namely an organism deriving all its energy from the oxidation of an inorganic material, hydrogen, and the bulk of its cell carbon from organic material, i.e., components of yeast extract. Which components of yeast extract serve as bulk carbon sources in this situation is as yet unknown. That yeast extract alone does not support growth of the sulfate reducer has previously been shown by Senez (1951) as has its role in stimulating putatively autotrophic growth (Butlin et al., 1949; Senez and Volcani, 1951; Senez, 1953) . It was assumed in these cases that the yeast extract supplied growth factors rather than the bulk of the cell carbon, an assumption now shown to be erroneous at least for the Hildenborough strain. Equally unique is the phenomenon of an organic molecule, isobutanol, serving exclusively as an energy source for the assimilation of other organic molecules which do not appear to participate in energy generation. To the best of our knowledge such a clear-cut limitation of function for an organic molecule has not been reported previously although the situation is somewhat reminiscent of what Foster (1940) described for a photosynthetic bacterium. On the basis of an almost quantitative recovery of acetone from isopropanol, he concluded that the latter molecule was providing only reducing power for cells using carbon dioxide as the bulk carbon source. Actually the analogy may be even closer to the situation described above, since his data did not exclude the possibility that yeast extract in his medium provided a source of cell carbon.
In the special nutritional environment imposed, hydrogen and isobutanol appeared to play identical roles in the metabolism of D. desulfuricans, that is, their oxidation provided the energy necessary for cell synthesis. Since The demonstration that hydrogen oxidation can be coupled to "heterotrophic" cell synthesis brings into focus that large and miscellaneous group of heterotrophic bacteria which have the ability to oxidize hydrogen with oxygen as the terminal acceptor but for which this process supposedly plays no significant energetic role (Koffler and Wilson, 1951, Gest, 1954) . Such organisms, including species of the genera Azotobacter and Acetobacter, Escherichia coli, and others, although capable of CO2 fixation are incapable of autotrophic growth on hydrogen and C02; hence the conclusions as to the lack of energetic significance of hydrogen oxidation in these bacteria and the uniqueness of energy coupling in the autotrophic bacteria. In light of the data presented it is possible that hydrogen oxidation in this group is of energetic significance in "heterotrophic" synthesis. If so, the inability of such organisms to grow as autotrophs would have to be ascribed to an inability to use CO2 exclusively in synthesis rather than to a defect in energy coupling.
The elucidation of the role of hydrogen in the metabolism of the Hildenborough strain of D. desulfuricans and its inability to grow as a "complete" autotroph raises the question as to whether any of the sulfate-reducers are indeed autotrophic. The data pro and con will not be presented here since Postgate (1959) has recently reviewed the problem, concluding that a critical demonstration of autotrophic growth is lacking.
He states, ".... there remains the possibility that these bacteria fall more properly into Lwoff's nutritional category of metatrophs: organisms capable of growth at the expense of CO2 reduction but requiring small amounts of organic nutrients." It now seems probable that even this nutritional niche should be. denied the sulfatereducers. It is of course possible that strain differences exist and that the Hildenborough strain is unique among the hydrogenase producing Desulfovibrio in lacking the autotrophic ability. Parenthetically, it was interesting to learn in this connection that the Hildenborough strain was one of the four used by Butlin and Adams (1947) in the initial pure culture studies on autotrophism (Postgate, personnel communication) . In any case, it appears that more critical evidence is now required before D. desulfuricans can be given a place in the exclusive community of chemotrophic autotrophs.
SUMMARY
Desulfovibrio desulfuricans Hildenborough strain, growing in a putatively autotrophic environment containing hydrogen, bicarbonate, and yeast extract, forms most of its cell carbon from yeast extract. The bicarbonate provides no more of the cell carbon than it provides under heterotrophic conditions with ethanol as the carbon source. In the absence of hydrogen, little or no growth occurs on yeast extract; in strictly autotrophic medium without yeast extract, growth also is marginal. The organism oxidizes isobutanol but cannot use it as a carbon source. In an isobutanol-yeast extract medium, isobutanol functions as does hydrogen by providing the energy for growth on components of the yeast extract. It is concluded that D. desulfuricans has a hitherto unreported type of metabolism, the energy for cell synthesis being derived from an inorganic molecule or from a nonassimilable organic molecule, and cell carbon being derived from organic molecules which are unable to act as energy sources. These findings are discussed in relation to certain general problems of autotrophy, to hydrogen oxidation by heterotrophic bacteria, and to autotrophy in sulfate-reducers.
